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The Co(S1-xSex)2 compounds are known to exhibit itinerant electron metamagnetism (IEM). We present
ﬁeld dependence of electrical resistivity and Hall effect of the compounds with 0  x < 0.15. It was found
that the magnetoresistance shows a positive jump associated with the IEM. This jump is nearly inde-
pendent of temperature. We also observed a jump in the ﬁeld dependence of Hall resistivity, which is
attributable to the anomalous Hall effect due to the onset of ferromagnetism. Our analyses revealed that
the ordinary Hall coefﬁcient decreases considerably by the IEM. These results are discussed in terms of
the proposed electronic structure of CoS2, in which a highly spin polarized state is achieved.
© 2016 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
In itinerant electron magnetism, there is a group called
“strongly enhanced Pauli paramagnets” or “nearly ferromagnetic
materials”, which are paramagnets in the ground state and nearly
fulﬁll the Stoner criterion for the onset of ferromagnetism. They are
characterized by a large Pauli paramagnetic susceptibility and a
large electronic speciﬁc heat coefﬁcient. The magnetic properties
of typical strongly enhanced Pauli paramagnets are reviewed by
Brommer and Franse [1]. Some strongly enhanced Pauli para-
magnets undergo a ﬁrst-order transition to a ferromagnetic state
under high magnetic ﬁelds. This transition is known as itinerant
electron metamagnetism (IEM). IEM was ﬁrst predicted by Wohl-
farth and Rhodes in 1962 using a phenomenological Landau theory
[2]. Later, Shimizu discussed detailed conditions for the onset of
IEM [3]. These studies have revealed that IEM originates in a
positive curvature of the density of states curve near the Fermi
level. In 1990's, Yamada developed a theory of IEM, in which the
effect of spin ﬂuctuations is taken into consideration [4]. Goto et al.
applied this theory to IEM of ACo2 (A ¼ Y and Lu) and their related
systems, Co(S1-xSex)2, La(Fe1xSix)13, and UCoAl [5]. They have
found that magnetic behavior of these systems is described well byda).
onal University, Hanoi.
V. on behalf of Vietnam Nationalthe theory of IEM developed by Yamada. The IEM of rare earthe Co
compounds are reviewed by Duc and Brommer [6,7].
So far, magnetization and magnetovolume effects have been
extensively studied for IEM. A few studies, however, have been
reported for transport properties associated with the itinerant
electron metamagnetic transition. In this paper, we report mag-
netic ﬁeld dependence of electrical resistivity and Hall effect of
Co(S1-xSex)2.
The CoS2 and CoSe2 compounds form the cubic Pyrite structure.
The pseudobinary Co(S1-xSex)2 has a solid solution in the whole
concentration range of x. CoS2 is a ferromagnet with the Curie
temperature, TC, of 120 K and a saturation magnetization of 0.85 mB/
Co, whereas CoSe2 is a strongly enhanced Pauli paramagnet. In the
pseudobinary system, TC is rapidly decreased with increasing x and
ferromagnetism disappears at around x ¼ 0.12. For 0.03  x  0.11,
the magnetic transition is ﬁrst-order. The IEM of Co(S1-xSex)2 was
ﬁrst reported by Adachi et al. for x ¼ 0.12 and 0.14 [8]. Later, Goto
et al. studied IEM of this system with 0  x < 0.20 under high
magnetic ﬁelds and high pressures [5]. We have measured
magnetoresistance and Hall effect of Co(S1-xSex)2 with 0  x < 0.15.
A part of the present work was reported previously [9].
2. Experiments
Polycrystalline samples with 0  x < 0.15 were prepared by
direct reaction of the constituent elements in vacuum at high
temperatures. Details on the sample preparation and character-
ization were described in ref. [10]. Single crystals of CoS2 wereUniversity, Hanoi. This is an open access article under the CC BY license (http://
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Fig. 1. Isothermal magnetization curves of Co(S1-xSex)2 with 0.08  x < 0.14 at 4.2 K.
Fig. 2. Magnetoresistance (MR) curves of Co(S1-xSex)2 with 0  x < 0.15 at 4.2 K.
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transport agent. The mixture of CoS2 powders (1.1 g), CoBr2 pow-
ders (50 mg) and S powders (40 mg) were sealed in an evacuated
quartz tube. The tube was put in a two-zone furnace, such that the
materials were placed in a source zone and the empty side of the
tube was placed in a growth zone. Following the prescription by
Wang et al. [11], the source zone temperature and the growth zone
temperature were initially stabilized at 700 C and 725 C,
respectively for three days. And then, the growth zone temperature
was kept at 640 C for 21 days. After the growth, we obtained CoS2
single crystals with 3 mm facets.
X-ray diffraction measurements indicated that both Co(S1-xSex)2
polycrystalline samples and CoS2 single crystals have a single phase
with the Pyrite structure. The lattice parameters of the present
samples are in agreement with the previous results [12]. The
magnetization was measured by using a Quantum Design super-
conducting quantum interference device magnetometer up to 7 T.
Magnetoresistance (MR) and Hall effect were measured by a four-
probe method with an ac resistance bridge in a superconducting
magnet up to 12 Tat various temperatures. MRmeasurements were
carried out in a longitudinal conﬁguration, where a magnetic ﬁeld
is applied parallel to the electric current. Hall effect was measured
in a transverse conﬁguration, where the electric current is applied
along the x-axis, the magnetic ﬁeld is applied along the z-axis and
Hall voltage was measured along the y-axis.
The measured voltage, Vmeas includes the Hall voltage, Vxy, and
the longitudinal voltage, Vxx, due to small misalignment of termi-
nals. We ﬁrst measured ﬁeld dependence of Vþmeas; which is Vmeas
with the magnetic ﬁeld in the positive z-direction. And then, we
measured Vmeas with the ﬁeld in the negative z-direction at the
same temperature. The Hall voltage is obtained from Vxy ¼ ðVþmeas 
VmeasÞ=2: Hall resistivity, rxy is given by, rxy ¼ Vxyt=Ix, where t is the
width of the sample and Ix is the electric current along the x-axis. In
the Hall effect measurements, data were collected in the magne-
tizing process. The measurements also give information of the
transverse MR from Vxx ¼ ðVþmeas þ VmeasÞ=2: Though absolute
values of the transverse MR are not obtained, we conﬁrmed no
signiﬁcant differences between the longitudinal MR and the
transverse MR in Co(S1-xSex)2, when they are compared in a
normalized scale.
3. Results and discussion
3.1. Magnetization and magnetoresistance
The Curie temperature, TC of Co(S1-xSex)2 compounds was ob-
tained from the temperature dependence of resistivity, r, in zero
ﬁeld [9]. The concentration dependence of TC is in agreement with
the early report [5]. We conﬁrmed that ferromagnetism disappears
at around x¼ 0.11 in the present system. Fig.1 showsmagnetization
isotherms of Co(S1-xSex)2 with 0.08  x < 0.14 at 4.2 K. The com-
pound with x ¼ 0.08 is ferromagnetic with the spontaneous
magnetization 0.86 mB/Co, which is close to that of CoS2. The hys-
teresis of x ¼ 0.08 is negligibly small, indicating soft magnetic
behavior. The compounds with x  0.12 show a metamagnetic
transition accompanied by large hysteresis. This is the IEM. The
transition ﬁeld is increased with increasing x. No sharp increase in
magnetization was observed for x ¼ 0.14 up to 7 T. The compound
with x ¼ 0.11 is on the verge of ferromagnetic order. Hysteretic
behavior is observed together with the spontaneous magnetization
of about 20 A m2/kg. These facts suggest the coexistence of a
ferromagnetic state and a paramagnetic one, presumably due to
inevitable concentration ﬂuctuations.
The MR curves (r e B curves) of Co(S1-xSex)2 at 4.2 K are dis-
played in Fig. 2. Large resistivity jumps associated with the IEM areobserved in the concentration range of 0.12  x < 0.15. The
intriguing feature is the positive resistivity jump of the present
system. This is consistent with the fact that the ferromagnetic
phase has higher resistivity than the paramagnetic phase in the r e
T curves of Co(S1-xSex)2, as reported by Adachi et al. [13]. Such a
high-resistive ferromagnetic state is unusual, because the electro-
nemagnon scattering is suppressed by alignment of local magnetic
moments in a ferromagnetic state. To explain this behavior, Adachi
et al. proposed a model, in which the scattering probabilities of
majority and minority spins strongly depend on the relative
magnetization [12]. Later, Wang et al. pointed out that the increase
in r in the ferromagnetic state originates from a distinct reduction
of the density of states at the Fermi level for the minority spins [15].
This interpretation is supported by the electronic structure calcu-
lations. The electronic structure of CoS2 has been calculated by
several groups [16e20]. Most of the calculated results show that
CoS2 is close to a half metallic ferromagnet. Point contact Andreev
reﬂection on CoS2 single crystals indicates a highly spin polarized
state of 64% [11]. Utfeld et al. obtained the spin polarization of 72%
for CoS2 from magnetic Compton scattering [21]. These results
conﬁrmed that ferromagnetic CoS2 is in a nearly half metallic state.
The positive MR jump of Co(S1-xSex)2 associated with the IEM
can also be understood by a similar scenario. In the paramagnetic
H. Wada et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 179e184 181state, both majority and minority spins contribute to electrical
conductivity. When the IEM takes place, the density of states of the
minority spins at the Fermi level is considerably reduced, leading to
a highly polarized or nearly half metallic state. Thus, the total
number of conduction electrons at the Fermi level is decreased,
giving rise to a signiﬁcant increase in r. The MR ratio is usually
deﬁned as Dr(B)/r(0), where Dr(B) is the ﬁeld-induced resistivity,
Dr(B) ¼ r(B)  r(0). The MR ratio of Co(S1-xSex)2 compounds at
B ¼ 12 T is 147, 165, 176 and 169% for x ¼ 0.12, 0.13, 0.14 and 0.15,
respectively. Values of the MR ratio are extraordinarily large among
the polycrystalline compounds. Moreover,Dr(12T) is in the range of
35e40 mU cm for 0.12 x < 0.15, suggesting that theMR jump is not
dependent on x strongly.
Fig. 3 depicts the MR curves of x ¼ 0.13 at various temperatures.
We observed sharp MR jumps up to 70 K. With increasing tem-
perature, the transition ﬁeld increases and the hysteresis width
decreases. No hysteresis was detectable at 70 K. On the other hand,
the MR jump does not show strong temperature dependence. This
supports the scenario that the MR jump is due to a change in the
electronic structure, because it is independent of temperature.
The compounds with x ¼ 0 and 0.08 are ferromagnetic at 4.2 K.
At low temperatures, these compounds show small positive MR, as
seen in Fig. 2. We found the slope of the MR curve changes sign
from positive to negative with increasing temperature below TC.
Negative MR is attributable to ﬁeld suppression of electro-
nemagnon scattering.
As shown in Fig. 2, theMR curve of x¼ 0.11 at 4.2 K is irreversible
with a jump at a low ﬁeld of 1 T. Compared with the other para-
magnetic compounds, the MR jump of x ¼ 0.11 is small. This is
similar to the magnetization curve shown in Fig. 1 and the results
are explained by the coexistence of ferromagnetic and paramagnetic
states in the critical concentration. The Curie temperature of the
ferromagnetic component is estimated to be 26 K from the r  T
curve at zero ﬁeld [9]. Wemeasured theMR curve of x¼ 0.11 at 50 K,
which is illustrated in Fig. 3 by dashed lines. A large MR jump is
observed, whose magnitude is comparable to that of x ¼ 0.13.
3.2. Hall effect
The observed hall resistivity rxy is negative for all the com-
pounds in the whole temperature range studied. In this paper, weFig. 3. MR curves of Co(S0.87Se0.13)2 at various temperatures. Dashed lines represent
the MR curves of x ¼ 0.11 at 50 K.show the results in rxy vs. B plots. Fig. 4-(a) and 4-(b) display the
ﬁeld dependence of rxy of CoS2 at various temperatures. The
sample #1 is a polycrystalline sample, while the sample #2 is a
single crystal. Though the absolute values of rxy of #2 are about
twice as large as those of #1, both samples show similar temper-
ature dependence of rxy vs. B curve. At low temperatures below
10 K, rxy increases with increasing ﬁeld. As temperature is
raised, rxy shows a sharp rise at low ﬁelds followed by decrease
with increasing ﬁeld. At around TC of 120 K, rxy increases with
increasing ﬁeld and tends to saturate above 8 T. Above TC, rxy
increases smoothly with magnetic ﬁeld, again.
The Hall resistivity of magnetic materials is empirically
expressed as,
rxy ¼ r0 þ rS ¼ R0Bþ RSM (1)
where r0 and rS are the ordinary and anomalous Hall resistivities,
respectively. It is known that r0 is proportional to magnetic ﬁeld,
while rS is proportional to magnetization. R0 and RS are the corre-
sponding Hall coefﬁcients. In the ferromagnetic state, the ordinary
Hall coefﬁcient, R0 can be estimated from a linear portion ofrxy vs.
B curves, because M is saturated above 2T.
The temperature dependence of R0 of CoS2 #1 and #2 is shown
in Fig. 5-(a). Note that a negative slope in the rxy vs. B curveFig. 4. Field dependence of the Hall resistivity of CoS2, (a) polycrystalline sample, and
(b) single crystal at various temperatures. The results are plotted in the form of rxy vs.
B. Data were collected in the magnetizing process.
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temperature dependence of R0, inwhich R0 increases nearly linearly
with increasing temperature and it changes sign from negative to
positive at around 60 K. Rapid rises at low ﬁelds in the rxy vs. B
curves are attributable to the anomalous Hall effect. Fig. 5-(b) il-
lustrates temperature dependence of rS of CoS2 #1 and #2, inwhich
rS is normalized at 60 K. Adachi and Ohkohchi measured Hall effect
of single crystal CoS2 below 2 T, previously [14]. In the ﬁgure, their
data are also plotted for comparison. Though the values of rS are
strongly dependent on sample, we found that the all the data of
normalized rS lie on a universal curve. The increase in rS with
temperature is often observed for ferromagnetic metals [22,23].
The origin of the anomalous Hall effect is classiﬁed into two
types: the extrinsic effect and the intrinsic effect [24]. The former
arises from the scattering from impurities by the spineorbit
interaction (skew scattering or side jump mechanism). The latter
originates in the anomalous velocity of Bloch electrons induced by
the spineorbit coupling and is interpreted as the Berry curvature of
Bloch states. Though it is difﬁcult to separate these two effects in
the present study, strongly sample dependent rS suggests that the
extrinsic effect plays a substantial role in the anomalous Hall effect
of CoS2.
Next, we show the Hall effect of Co(S1-xSex)2. Fig. 6-(a) and 6-(b)
illustrate rxy vs. B curves of x ¼ 0.10 and 013, respectively. The
compound with x ¼ 0.10 is ferromagnetic and its TC is 48 K. Below
TC, a rapid rise due to rS was observed at low ﬁelds. In high-4
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Fig. 5. (a) Temperature dependence of the ordinary Hall coefﬁcient, R0 of CoS2 poly-
crystalline samples (red circles) and single crystal (blue squares). The solid line rep-
resents the results of a least squares ﬁt. (b) The anomalous Hall resistivity, rS of CoS2 as
a function of temperature. Red circles represent data of polycrystalline samples and
blue squares are those of single crystal. Black triangles are taken from ref. [14].ﬁelds, rxy decreases with increasing ﬁeld. The slope is insensitive
to temperature between 4.2 K and 60 K in contrast to CoS2. Above
TC, on the other hand, the compound shows a jump in therxy vs. B
curves due to the IEM. This jump grows with increasing tempera-
ture and its temperature dependence connects to that below TC
smoothly. Therefore, the jump is ascribed to the anomalous Hall
effect due to the onset of the ferromagnetic state. It is found that,
above TC, rxy increases with increasing ﬁeld at lower ﬁelds below
the transition ﬁeld, while it decreases with magnetic ﬁeld after the
IEM. The compound with x ¼ 0.12 undergoes the itinerant electron
metamagnetic transition in the whole temperature range studied.
Each rxy vs. B curve has a positive slope in the paramagnetic state
and a negative slope in the induced ferromagnetic state. The pos-
itive slope in low ﬁelds does not depend on temperature strongly
and the negative slope is weakly temperature dependent. The jump
at the transition ﬁeld increases linearly with increasing tempera-
ture. These features are also observed for the rxy vs. B curves of
0.11  x  0.14.
The negative slope ofrxy vs. B curves in the ferromagnetic state
indicates positive R0, because M is saturated at high ﬁelds,
regardless of whether the ferromagnetic state is intrinsic or
induced bymagnetic ﬁeld. In Table 1, we listed R0 of the compounds
with 0.08  x  0.13 at various temperatures. In a single carrier
model, R0 is expressed as R0¼ 1/ne, where n and e are the density of
carriers and the charge of electrons, respectively. In the table, weFig. 6. Field dependence of the Hall resistivity of Co(S0.90Se0.10)2 (a) and Co(S0.87Se0.13)2
(b) at various temperatures.
Table 1
The ordinary Hall coefﬁcient, R0 and the density of carriers, n obtained from a single
carrier model of Co(S1-xSex)2.
x Temperature
(K)
State R0
(1010 m3/C)
n
(/f.u.)
0.08 4.2 Ferromagnetic 3.77 0.73
0.08 50 Ferromagnetic 2.78 0.97
0.10 4.2 Ferromagnetic 2.84 0.95
0.10 30 Ferromagnetic 2.75 0.98
0.11 4.2 Ferromagnetic 1.92 1.40
0.13 4.2 Ferromagnetic 3.69 0.73
0.11 60 Paramagnetic 1.01 2.67
0.12 50 Paramagnetic 0.81 3.35
0.13 40 Paramagnetic 0.19 14
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found that n is in the range of 0.7e1.4 and somewhat temperature
dependent. In the paramagnetic state below the transition ﬁeld, we
have positive slopes in therxy vs. B curves. However, this does not
mean negative R0, because the anomalous Hall effect also gives a
positive contribution to rxy. We used a following procedure to
estimate R0 in the paramagnetic state.
The experimental results indicate that both rxy andM increase
nearly linearly with increasing magnetic ﬁeld at low ﬁelds in the
paramagnetic state. Thus, eq. (1) is written as,
rxy ¼ RxyB ¼ ðR0 þ RScÞB; (2)
where Rxy is a proportional constant between rxy and B, and c is the
magnetic susceptibility. These are obtained from the rxy vs. B
curves and the isothermal magnetization curves, directly. The
anomalous Hall coefﬁcient, RS, can be estimated from rxy vs. M
plots. We conﬁrmed a linear relation between rxy andM near the
transition ﬁeld of IEM for 0.11  x  0.13. This is because the
anomalous Hall effect is dominant in rxy around the transition ﬁeld.
Using Rxy, c and RS, we calculated R0 in the paramagnetic state of
0.11  x  0.13, which is also listed in Table 1. Our analyses have
revealed that negative rxy is mainly due to the anomalous Hall ef-
fect, RScB. Consequently, the calculated R0 is positive. Its value is in
the range of 0.2e1.0 1010 m3/C. These values are smaller than
those of the ferromagnetic state, 1.9e3.7  1010 m3/C. From these
results, we can conclude that the ordinary Hall coefﬁcient consid-
erably increases, when the ferromagnetic state is induced by
magnetic ﬁeld. The corresponding n of the paramagnetic state is 2.7
and 3.4 for x ¼ 0.11 and 0.12, respectively in the framework of a
single carrier model. For x ¼ 0.13, we have n ¼ 14, but it is unre-
alistic. Naturally, a free electron model is too simple to describe
transport properties of real metals. The Fermi surface of ferro-
magnetic CoS2 reported by Pi~neiro et al. has a complicated structure
consisting of electron pockets and hole pockets [20].
Theoretically, R0 is derived from the Boltzmann equation within
the relaxation-time approximation [25]. It is known that R0 is
related to the area of Fermi surface, SF, and larger SF often leads to
smaller R0. Therefore, the increase in R0 by magnetic ﬁeld may
imply the shrinkage of the Fermi surface due to the IEM. This is
consistent with discussion of Section 3.1, in which a high polarized
state is realized in the induced ferromagnetic state of Co(S1-xSex)2.
However, the increase in the contributions from negative carriers is
not excluded. To clarify this point, the calculation of R0 on the basis
of electronic structure is strongly desired.
4. Conclusions
We have measured ﬁeld dependence of electrical resistivity and
Hall effect of Co(S1-xSex)2 at various temperatures. The MR curve
shows a very large positive jump associated with the IEM. The MRjump is weakly dependent on temperature and concentration. The
positive MR is explained by high polarization of the induced
ferromagnetic state, which was ﬁrst proposed for CoS2. The Hall
effect measurements on CoS2 revealed that the ordinary Hall co-
efﬁcient, R0 strongly depends on temperature.
The anomalous Hall resistivity depends on the sample, sug-
gesting that the extrinsic effect (skew scattering or side jump
mechanism) is dominant. In the IEM region, the rxy increases and
exhibits a jump followed by decrease with increasing ﬁeld. The
jump is ascribed to the anomalous Hall effect due to the onset of
ferromagnetism. The negative slope of rxy vs. B curve in the
ferromagnetic state indicates positive R0. In contrast to CoS2, R0 of
the induced ferromagnetic state is not strongly dependent on
temperature. Our analyses indicate that the paramagnetic state also
has a positive R0 and its value is smaller than that of the ferro-
magnetic state. This may suggest shrinkage of Fermi surface by the
IEM, being consistent with the highly polarized state in the induced
ferromagnetic state.
Finally, we point out the conditions for appearance of a highly
polarized state by IEM. A nearly half metallic state is realized, when
the majority band is pushed down below the Fermi level by ex-
change splitting. This requires two conditions: (1) small energy
difference between the Fermi level and the top of 3d band in the
paramagnetic state, and (2) strong exchange coupling. The former
condition is achieved when the 3d band is substantially occupied in
the paramagnetic state. In this sense, the Co system is favorable,
because a Co atom has nine electrons in the 3d and 4s bands. Pre-
sumably, the exchange splitting assisted by magnetic ﬁeld is strong
enough to shift the majority band below the Fermi level in Co(S1-
xSex)2. We believe there exist other itinerant electron meta-
magnetic systems, of which ferromagnetic state is highly polarized.
For example, La(Fe-Si)13 is a possible candidate, because the re-
sistivity of the ferromagnetic state is larger than that of the para-
magnetic one [26]. It is desired to reexamine IEM from the
viewpoint of nearly half metallicity.Acknowledgments
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